ABSTRACT Helicobacter pylori arginase, a bimetallic enzyme, is crucial for pathogenesis of the bacterium in human stomach. Despite conservation of the signature motifs in all arginases, the H. pylori homolog has a non-conserved motif ( 153 ESEEKAWQKLCSL 165 ), whose role was recently shown to be critical for its stability and function. The sequence analysis also reveals the presence of this motif with critical residues in the homolog of other Helicobacter gastric pathogens. However, the underlying mechanism for its significance in catalytic function is not clearly understood. Using H. pylori arginase, our studies reveal that the interactions of His122 and Tyr125 with Trp159 are indispensable for tertiary structural intactness through optimal positioning of the motif and thus for the catalytic function. The single and double mutants of His122 and Tyr125 not only enhanced the solvent accessibility and conformational flexibility of Trp159 in the holo protein, but also showed complete loss of catalytic activity. An intact bimetallic center and unaltered substrate binding indicate that proper positioning of the motif by aromatic-aromatic contact is vital for the generation of a catalytically active conformation. Additionally, the metal ions provide higher stability to the holo protein. We also identified the presence of these two residues exclusively in arginase of other Helicobacter gastric pathogens, which may have similar function. Therefore, to the best of our knowledge, these findings highlight for the first time that arginase of all Helicobacter gastric pathogens utilizes a unique non-catalytic triad for catalysis, which could be exploited for therapeutics.
INTRODUCTION
Helicobacter pylori is a human gastric pathogen that infects half of the world-wide populations, causing chronic active gastritis, peptic ulcer, gastric adenocarcinoma, and mucosa-associated lymphoid tissue lymphoma (1-5). Chronic gastritis induced by H. pylori is the strongest known risk factor for the gastric adenocarcinoma, the second leading cause of cancer-related death (6) (7) (8) . The bacterium has a complete urea cycle and contains the rocF gene encoding arginase (9, 10) . Alterations in the availability of L-arginine and its metabolism into polyamines contribute significantly to the dysregulation of the host immune response to H. pylori infection (11) . The binuclear Mn 2þ -metalloenzyme arginase, a member of the ureohydrolase family, catalyzes the conversion of L-arginine to L-ornithine and urea (9) , where ornithine is further converted into polyamines, which are essential for various critical metabolic processes. The product urea is further utilized by urease to produce ammonia. This provides acid resistance and is thus important for colonization of the bacterium in the gastric epithelial cells (12, 13) . Arginase of H. pylori also plays a role in evasion of the pathogen from the host immune system mainly by various proposed mechanisms, as suggested below. RocF competes with host-inducible nitric oxide (NO) synthase for the common substrate L-arginine, and thus reduces the synthesis of NO, an important component of innate immunity and an effective antimicrobial agent that is able to kill the invading pathogens directly (14, 15) . The enzyme is involved in the inhibition of human T cell proliferation and T cell CD3z expression and thus efficiently reduces host cellular immune response (16) . Therefore, RocF could inhibit the host innate defense and adaptive immune response (17) and also facilitate the pathogenesis. Thus, this enzyme is considered to be a new virulence factor of H. pylori (18) . Like other arginases, the H. pylori enzyme has conserved signature motifs SxDxDxxDP and DAHxD, but GGDHS is replaced with SSEHA. These motifs are known to be important for the formation of a bimetallic center to generate a catalytically competent active site (19) (20) (21) .
A bridging water molecule between the two metal ions is believed to be critical for nucleophilic attack to the guanidium carbon of arginine in the hydrolysis reaction (22) . We previously showed the role of an SSEHA motif in the stability and activity of the enzyme (23) . H. pylori arginase has several distinct features compared to other homologs, including the metal preference of Co 2þ over Mn 2þ for higher catalytic activity (10, 24) , optimal activity at an acidic (6.1) instead of an alkaline pH (9.5), considerable differences in the sequence at the N-and C-terminal sites, and the presence of a mixture of monomer and dimer instead of only the trimer and hexamer found in mammalian and other bacterial arginases, respectively (24, 25) . Additionally, the H. pylori enzyme has a unique 13-residuelong insertion motif (-153 ESEEKAWQKLCSL 165 -) present in the middle of the sequence (Fig. 1) , which has not been reported in any other homologs. Our systematic studies on this motif by individual mutation of the residues as well as by deletion of the motif demonstrated that it is extremely critical for stability, metal binding, and catalytic activity of the protein (26) . The mutation of Trp159 and Glu155 to Ala in the motif led to a significant decrease in the thermostability (~17 and 14 reduction, respectively) and complete loss of catalytic activity, suggesting that both Trp159 and Glu155 are crucial. Cys163 was found to be critical for the regulation of catalytic function. Our molecular dynamics simulation studies of H. pylori apo arginase at a 450 ns timescale showed that the motif displays a loopcum-helix structure and is located near the active site, in which Trp159 forms a hydrogen bond with Asp126 through its indole moiety (26) . The mutation of Asp126 to Ala leads to the loss of both catalytic activity and one metal ion, suggesting that a Trp159-Asp126 interaction might be crucial for maintaining a bimetallic center, as well as for proper positioning of the motif, and thus for catalytic function (26) . However, the simulation studies could not be performed with Co 2þ ions owing to the non-availability of a suitable force field. In the simulated structure, Trp159 was also in close contact with both His122 and Tyr125 ( Fig. 2) , which was thought to be important for structural stability. Although, the H. pylori enzyme shows higher catalytic activity with Co 2þ as a metal co-factor, the x-ray crystal structure of the protein was reported only with Mn 2þ ions (27) , in which the insertion motif forms an a-helix. Although Trp159 is buried, the protein segment containing residues 126-131 has not been assigned, and Tyr125 was also poorly assigned. However, His122 was found to be a part of the small turn, which is away from Trp159. Thus, the crystal structure could not provide appropriate insight into the role of the motif in catalytic function. The sequence analysis clearly reveals the presence of the insertion motif of arginase in Helicobacter gastric pathogens including H. pylori, in which the critical residues Trp159, Glu155, and Cys163 are found to be strictly conserved (Fig. 3) . Moreover, Asp126, His122, and Tyr125 are also conserved. These observations suggest that arginase belonging to the Helicobacter gastric pathogens might have evolved with both the insertion motif and the residues Asp126, His122, and Tyr125 in a unique manner to carry out a specific function. Among the Helicobacter gastric pathogens known to infect humans, H. pylori shows a higher incidence of infections (28) . In this study, we have used H. pylori arginase to understand whether the interaction of the above residues with Trp159 in the motif has any impact on the structure and function. The fluorescence properties of tryptophan are highly sensitive to its microenvironment and therefore widely used to monitor changes in local conformation and dynamics of proteins (29) (30) (31) . H. pylori arginase is a singletryptophan protein, where Trp159 is located in the middle of the insertion motif and near the active site. Hence, the intrinsic tryptophan fluorescence and its local dynamics in the protein may provide insight into interactions with the side chains of nearby residues as well as in positioning of the motif. Using a combinational approach that includes sitedirected mutagenesis, steady-state and time-resolved fluorescence measurements, anisotropy decay kinetics, heat-induced denaturation, circular dichroism, metal analysis, and kinetic assays, our data indicate that a network of interactions involving Trp159, His122, and Tyr125 retains proper positioning of the motif, which is crucial for tertiary structural intactness of the protein. The disruption of this set of interactions also leads to loss of catalytic activity, implying that maintaining proper tertiary structure through the above network is vital for its function. Moreover, we found that a bimetallic center is important for providing higher stability to the holo protein. Thus, this study not only highlights the presence of a novel non-catalytic triad of arginase in Helicobacter gastric pathogens, but also shows its evolutionary importance for function.
MATERIALS AND METHODS

Mutagenesis
Asp126Ala, His122Ala, Tyr125Ala, His122Ala/Asp126Ala, Tyr125Ala/ Asp126Ala, and His122Ala/Tyr125Ala mutants of H. pylori arginase were prepared using the Quick Change Site-Directed Mutagenesis kit (Agilent Technologies, Glostrup, Denmark) according to the manufacturer's protocol. Appropriate forward and reverse primers (Table S1 ) with GSTtagged pC6-2-rocF plasmid as a template were used for polymerase chain reactions. The positive mutants were identified by DNA sequencing.
Expression and purification of proteins
The recombinant wild-type and mutant proteins were expressed and purified following a reported procedure (32) . The plasmid encoding the rocF gene of wild-type and mutants were transformed into Escherichia coli BL21 (DE3) pLysS-competent cells. The culture was induced with 0.1 mM isopropyl-b-D-thiogalactopyranoside for 12 h at 30 C in a shaking incubator when the OD 600 reached 0.5À0.6. The cells were harvested and resuspended with a lysis buffer, 1Â phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 (pH 7.4)) containing EDTA-free protease inhibitor (Roche Applied Science, Penzberg, Germany) and lysozyme for 30 min followed by French press (Thermo Fisher Scientific, Waltham, MA) at 1100 psi. Lysate was passed through a 0.4 mm filter and centrifuged at 15,000 rpm for 60 min. The supernatant was incubated with glutathione sepharose beads (Amersham, Little Chalfont, United Kingdom) for 4 h at 4 C for affinity purification. The bead-bound GST-tagged protein was transferred into a 2 mL microcentrifuge tube. The purification of histidine-tagged caspase-6 was carried out by following a reported procedure (33) . The cleavage of the glutathione S-transferase (GST) tag was performed using caspase with a slight modification of the earlier procedure. Initially, the purified caspase is activated with caspase digestion buffer (20 mM Pipes (pH 7.2), 100 mM NaCl, 10 mM DTT, 1 mM EDTA, 0.1% w/v Chaps, 10% w/v sucrose, and 0.65 M sodium citrate) at 37 C for 10 min and incubated with bead-bound fusion arginase at room temperature with mixing on a rotating shaker for 2 h. The tag-free protein was eluted with 1Â PBS buffer. The eluted fraction was applied onto a 1-mL Ni-NTA agarose (Qiagen, CA) column, which was pre-equilibrated with 1Â PBS buffer to remove caspase-6 from eluted fractions. The purified protein was then concentrated using centricon-10 at 4
C. The concentrated sample was then applied onto Superdex-200 column, which was pre-equilibrated with 1Â PBS (pH 7.4). The flow through was collected, concentrated, and stored at À80 C with 10% glycerol. The concentrations of all the proteins were determined spectrophotometrically using the Bradford assay. The wild-type and mutant proteins were free from the tag, and these were used for biophysical experiments, metal analysis, and kinetic assays.
Metal analysis
For the preparation of wild-type and mutant holos, the apo protein was incubated with Co 2þ ions in a concentration ratio of 1:100 at 50 C for 30 min and then at room temperature. For metal analysis, the mixture was passed through a Sephadex G-25 column equilibrated with 50 mM Tris (pH 7.4) to remove excess metal ions. The flow through was concentrated with centricon-10, and the final concentration of the protein was determined using the Bradford assay. The Co 2þ -reconstituted protein (1 mM) was used for the metal analysis by following the reported 4-(2-pyridylazo) resorcinol (PAR) assay (23, 34) . The protein was denatured with 7 M guanidine hydrochloride after 45 min of incubation at room temperature. The absorbance was measured at 515 nm. The concentration of the bound metal was calculated using a standard curve with the known metal concentrations. The experiment was performed in triplicate.
Activity assay
The arginase activity assay of Co 2þ -reconstituted wild-type and mutant proteins was carried out spectrophotometrically, as reported earlier (24) . The assay was performed with 50 mM Tris-HCl (pH 7.4) at 37
C. The concentration of wild-type holo protein was kept at 1 mM. However, for the mutant proteins, the assay was performed at a higher concentration. The formation of ornithine was measured using an ultraviolet (UV)-visible absorption spectrophotometer at 515 nm with ninhydrin.
Steady-state fluorescence studies
Intrinsic tryptophan fluorescence measurements of wild-type and mutant proteins were carried out on a Fluoromax 4 (HORIBA Jobin Yvon, Kyoto, Japan) spectrofluorimeter with excitation wavelength set at 295 nm, and emission spectra were recorded from 310 to 450 nm. The slit width of the monochromator for excitation and emission was set at 2 nm. All measurements were carried out in 50 mM Tris (pH 7.4) at room temperature.
Dynamic quenching experiments
Solvent accessibility of the tryptophan in the apo and Co 2þ -reconstituted wild-type and mutant proteins was studied by dynamic fluorescencequenching experiments using acrylamide as a quencher (Q). The protein (2 mM) was titrated with acrylamide containing 50 mM Tris (pH 7.4). The fluorescence emission spectra were recorded from 310 to 450 nm using the excitation wavelength at 295 nm. The spectra were corrected by multiplying the dilution factor. The data were fitted to the Stern-Volmer equation as shown below:
where F 0 and F are the fluorescence intensity in the absence and presence of acrylamide, respectively, K SV is the Stern-Volmer quenching constant, and Q is the concentration of acrylamide. The following mathematical relation was used to determine the bimolecular quenching constant (k q ). t m is the mean fluorescence lifetime.
Time-resolved fluorescence measurements
The time-resolved fluorescence intensity decay experiment was performed using a time-correlated single-photon-counting setup, as reported earlier (29, 30) . The excitation source used was a rhodamine 6G dye laser (Spectra Physics, Mountain View, CA) pumped by a passively mode-locked, frequency-doubled, neodymium-doped yttrium aluminum garnet laser (Vanguard, Spectra Physics). Pulses (1-ps duration) of 590 nm radiation from the rhodamine 6G dye laser were frequency doubled to 295 nm using a frequency doubler (Spectra Physics). Instrument response function (IRF) was obtained by exciting a dilute colloidal suspension of dried non-dairy coffee whitener at 295 nm, and the emission was collected at the same wavelength with the emission polarizer oriented at the ''magic'' angle of 54.7 with respect to the excitation polarizer. The full width at halfmaximum of IRF was 40 ps. A 20 mM concentration of protein was excited at 295 nm at a pulse repetition rate of 4 MHz, and the emission was collected at 330 nm through a 320 nm cut-off filter followed by a monochromator. Decays with peak counts of 10,000 were collected with the emission polarizer oriented at the magic angle (54. 7 ) with respect to the excitation polarizer. The fluorescence-intensity decay curves were deconvoluted with respect to the IRF and analyzed to obtain decay parameters.
For time-resolved anisotropy measurements, the fluorescence intensity decays were collected up to peak counts of 10,000 with the emission polarizer kept at parallel (I k ) and perpendicular (I t ) orientations with respect to the excitation polarizer using the same experimental setup as described above. All anisotropy decays were deconvoluted with respect to the IRF.
Analysis of time-resolved fluorescence measurements
The fluorescence intensity decay curves were analyzed using a nonlinear least-squares iterative fitting method based on the LevenbergÀMarquardt algorithm (35) . The goodness of fit was evaluated based on both the lower c 2 values (1-1.5) and the random residuals distribution obtained from analysis.
The time-resolved fluorescence intensity decays were expressed as a sum of three-exponential functions, as follows:
where I(t) is the fluorescence intensity collected with the emission polarizer oriented at the magic angle (54.7 ) with respect to the excitation polarizer at time t and a i is the amplitude associated with the fluorescence lifetime t i , such that Sa i ¼1.The mean fluorescence lifetime was calculated as
Time-resolved fluorescence anisotropy was analyzed as described earlier (30) . Anisotropy was calculated as rðtÞ ¼ À I k ðtÞ À GðlÞI t ðtÞ ÁÀ I k ðtÞ þ 2G ðlÞI t ðtÞ Á ;
where I k (t) and I t (t) are the decays of the parallel (k) and perpendicular (t) components of emission. G(l) is the geometry factor at the emission wavelength (l) and r(t) is the time-dependent anisotropy. The value of the G-factor was calculated independently using a standard solution of N-acetyltryptophanamide. The following model was used for the analysis of the time-resolved anisotropy decay:
The equation for time-resolved fluorescence anisotropy can be expressed as a biexponential decay:
where f i and b i represent the ith rotational correlation time and the corresponding pre-exponential factor in the exponential anisotropy decay such that Sb i ¼ 1. r 0 represents the anisotropy in the absence of any rotational diffusion. The r 0 value of 0.3 was determined by an independent experiment using wild-type protein with 70% glycerol. Two rotational correlation times (f 1 and f 2 ) and the amplitudes (b 1 and b 2 ) associated with each of them were derived from fits of the fluorescence anisotropy decays using the above equations. The goodness of fit was evaluated from both the lower c 2 values and the random residual distribution.
Circular dichroism measurement and heatinduced denaturation
Circular dichroism (CD) spectra of apo-and Co 2þ -reconstituted wild type and mutant proteins in the far-UV range were recorded on a spectropolarimeter (Chirascan, Applied PhotoPhysics, Leatherhead, United Kingdom) using a 1 mm path length cuvette. The measurements were done using 20 mM Tris (pH 7.4) at 25
C. All spectra were corrected by subtracting the baselines of buffer and buffer with metal ion. For the determination of T m the sample was heated from 25 to 90 C using a Peltier thermostat coupled with the spectropolarimeter at the rate of~1 C/min. The data were recorded at intervals of 1 . To determine the melting temperature, the normalized q MRW values at 222 nm were plotted against temperature and the data were fitted using a two-state unfolding model. To determine reversibility, the protein was thermally denatured at a temperature higher than the T m and cooled down to room temperature, then reheated. A similar denaturation profile and T m were obtained, indicating that heat-induced unfolding occurs in a reversible manner.
RESULTS
The retention of the non-conserved motif in a hydrophobic environment is influenced by His122 and Tyr125
To evaluate whether Asp126 is crucial for positioning the motif, an Asp126Ala mutant was prepared. We performed steady-state tryptophan fluorescence measurements on this mutant and compared it with wild-type protein. The tryptophan fluorescence emission spectrum of wild-type apo protein displays a peak at 330 nm, indicating that the microenvironment of Trp159 is less polar (Fig. 4 A) . However, with Co 2þ ions the fluorescence emission is blue shifted by 3 nm (emission maximum, 327 nm (Fig. 4 B) ), suggesting that in the presence of the metal ions the microenvironment of the tryptophan in wild-type protein is relatively less polar compared with that of apo. The apo and holo forms of the Asp126Ala mutant showed fluorescence emission similar to that observed for the wild-type (Fig. 4 , A and B), indicating that the mutation of Asp126 to Ala did not change the microenvironment of the tryptophan compared with the wild-type. This is consistent with the conformational dynamics of tryptophan measured in the time-resolved fluorescence anisotropy decay kinetics, which is described later. These results suggest that the Trp159-Asp126 interaction is not crucial for retaining the motif in a hydrophobic environment and thus possibly not important for its positioning.
As previously described, Trp159 was also in close contact with both His122 and Tyr125. The interactions of these two residues with Trp159 were believed to be important for structural stability. To find out whether these two residues play a role in retention of the motif in a hydrophobic environment in the absence of Asp126, we constructed two double mutants His122Ala/Asp126Ala and Tyr125Ala/ Asp126Ala, and performed similar fluorescence studies. Interestingly, the fluorescence emission of the holo protein of these double mutants is red shifted by 5 nm (emission maximum, 332 nm) compared with both the wild-type and the Asp126Ala mutant (Fig. 4 B) . This result indicates that the microenvironment experienced by Trp159 in the holo protein of these two double mutants is relatively more polar compared with those of the wild-type and Asp126Ala. However, we did not observe any change in the fluorescence with their apo proteins (Fig. 4 A) . Although the fluorescence of both double mutants in the presence of the metal ions exhibited a similar red shift, only the fluorescence intensity of His122Ala/Asp126Ala double mutant is decreased compared with the wild-type, suggesting that the decrease in fluorescence intensity is due to the mutation of His122 to Ala only (Fig. 4 B) . This observation is consistent with the decrease in the t m (mean fluorescence life time) values of the single as well as the double mutants (wherever His122 is mutated) compared with the wild-type, as derived from the timeresolved fluorescence decay kinetics ( Table 2 , described later). We were interested to know why this red shift was observed only in the holo proteins. It is to be noted that in all arginases, the holo protein preparation requires heat activation at 50 C for higher catalytic activity. Thus, the fluorescence change in the holo protein of these mutants could be due to either a heat-or a metal-induced conformational change. To distinguish between these two possibilities, we performed fluorescence measurements for these mutants in the absence of the metal ions after similar heat activation. The fluorescence emission is found to be similar to that of the wild-type apo (Fig. S1 ), indicating that the change in the fluorescence emission is because of the metal-induced rather than the heat-induced conformational change. Thus, these data indicate that in the presence of the metal ions, retention of the motif in a hydrophobic environment is mainly influenced by either His122 or Tyr125.
To verify the solvent accessibility of the motif, dynamic fluorescence quenching experiments of tryptophan were performed using acrylamide as a quencher (Q). Fig. 4 C, where F 0 and F represent the fluorescence intensity in the absence and presence, respectively, of the quencher), whose slope can provide the K sv (Stern-Volmer quenching constant). Interestingly, the K sv of the double mutants His122Ala/Asp126Ala and Tyr125Ala/Asp126Ala in the presence of the metal ions was found to be higher compared to both the Asp126Ala mutant and the wild-type ( Table 1 ), suggesting that the fluorescence of Trp159 in the double mutants is more quenched than that of the Asp126Ala mutant and the wild-type. As is known, K sv is equal to k q Â t m , where k q is the bimolecular quenching constant, which provides a measure of the solvent accessibility of tryptophan. A larger k q indicates a greater extent of solvent accessibility. To determine the t m , we performed time-resolved fluorescence decay kinetics of the apo and holo forms of wild-type and mutant proteins. The fluorescence decays in all cases could be fitted best to a sum of three-exponential functions (Fig. S3) . Table 2 lists the individual lifetime components and their respective amplitudes extracted from the discrete analysis of the fluorescence decays. t m values derived from these parameters are shown in Table 2 . The value of k q for the double mutants His122Ala/Asp126Ala and Tyr125Ala/Asp126Ala increased compared to the that for wild-type (Fig. 4 D ; Table 1 ). The higher k q value for the double mutants was consistent with the red shift observed in their steady-state fluorescence measurements and thus confirms that Trp159 of the double mutants is more solvent exposed than those of the wild-type and the Asp126Ala mutant. To examine whether higher solvent accessibility of Trp159 in the two double mutants is due to the mutation of His122 and Tyr125 residues alone, we prepared two single mutants, His122Ala and Tyr125Ala, and performed similar steadystate and time-resolved fluorescence measurements. Interestingly, the fluorescence emission of these single mutants showed a red shift similar to that observed for their double mutants (Fig. 4 B) , implying that Trp159 of these single mutants experiences a polar microenvironment similar to that of the double mutants. The value of k q for the His122Ala and Tyr125Ala mutants (Fig. 4 D) suggests that the tryptophan in the two single mutants experiences higher solvent accessibility like their double mutants. These data further support that the interactions of His122 and Tyr125 with Trp159 through their side chains are individually critical for retaining the motif in a hydrophobic environment. To understand the effect of mutation of both His122 and Tyr125 on solvent accessibility of the motif, we prepared the double mutant His122Ala/Tyr125Ala and performed similar fluorescence studies. As was the case with His122Ala and His122Ala/Asp126Ala, the fluorescence intensity of the His122Ala/Tyr125Ala mutant is reduced, with a further red shift of 2 nm (7 nm red shift compared to the wildtype (Fig. 4 B) ). This observation is again consistent with a further increase in the k q value (Fig. 4 D) , indicating that the mutation of both His122 and Tyr125 additionally enhanced the solvent accessibility of the motif compared to their single mutants. All these results suggest that in the wild-type holo protein, the positioning of the motif is mainly influenced by both His122 and Tyr125 through Trp159 rather than Asp126.
ANS binding studies support the importance of His122 and Tyr125 for maintaining tertiary structure
To check whether the mutation of either His122 or Tyr125 has any impact on tertiary structure, we performed steadystate fluorescence measurements using the hydrophobic dye 1-8-anilinonapthalene sulfonate (ANS) with wild-type as well as mutant proteins both in their apo and holo forms (Fig. 5) . The increase in the fluorescence of ANS is a measure of the exposed hydrophobic pockets of the proteins. We observed increased ANS binding in both forms of the His122Ala and Tyr125Ala mutants compared to the wildtype. These results suggest that the mutation of His122 Quenching constants were determined using Eqs. 1 and 2. and Tyr125 to Ala individually leads to an increase in the exposure of hydrophobic patches. The apo and holo forms of the Asp126Ala mutant showed a marginal increase in the ANS binding compared with that of the wild-type, indicating that the Asp126Ala mutation does not have much effect on the tertiary structure. These results are consistent with the those obtained in other fluorescence measurements and further suggest the roles of both His122 and Tyr125, but not Asp126, for maintaining tertiary structure of the protein.
Moreover, a significantly decreased ANS binding of the wild-type and mutant proteins in their holo forms was observed compared with that in the apo forms (Fig. 5) . These results further support the metal-induced conformational change in the holo proteins.
His122 and Tyr125 do not have roles in maintaining secondary structure and stability of the holo protein
To understand the individual roles of His122 and Tyr125 in secondary structure, we performed circular dichroism (CD) studies in the far-UV range of the wild-type and mutant proteins in their apo forms. The CD spectra of the wild-type and mutant proteins are found to be similar (Fig. 6 A) , suggesting that the mutation of neither His122 nor Tyr125 to Ala had an impact on secondary structure. To investigate the role of these residues in the secondary structure of the holo proteins, similar CD measurements were performed in the presence of the metal ions (Fig. 6 B) . The CD values for the mutant proteins in the holo form are similar to those in the apo form, suggesting that the mutations also did not affect secondary structure in the presence of the metal ions. We also found that the CD values for the Asp126Ala mutant in the apo and holo forms are similar. Moreover, the CD results for the double mutants (His122Ala/Asp126Ala and Tyr125Ala/ Asp126Ala) are similar to those for their respective single mutants (His122Ala and Tyr125Ala). All these results suggest that the residues His122 and Tyr125 do not have a role in the secondary structure of either the apo or the holo proteins. It should be noted that the CD data for the wild-type and mutants in the absence and presence of the metal ions are similar, suggesting that the metal ions do not have an impact on secondary structure, regardless of whether the proteins are wild-type or mutant.
To determine whether these mutations affect the stability of the proteins, we performed heat-induced unfolding studies using CD measurements in the absence of the metal ions. The change in the secondary structure was monitored while increasing the temperature from 25 to 90 C and the data were plotted. Fig. 6 C shows the heat-induced unfolding plots for the wild-type and mutant proteins. The unfolding curves for all the proteins are found to be sigmoidal, suggesting that denaturation of the proteins occurs in a cooperative manner. The data could be fitted to a two-state unfolding model to evaluate the T m (midpoint of transition temperature). The T m of a protein can provide a measure of its thermostability. Without the metal ions, the T m value of wild-type and mutant proteins was found to be~62 C, except in the case of His122Ala and His122Ala/Asp126Ala (Table 3) . The mutation of His122 to Ala in both the single and double mutants showed a decrease in the T m value by~3- 4 , which indicates that His122 has a role in providing stability to the apo protein. It may be noted that the mutation of Asp126 to Ala did not show any change in the T m value compared with the wild-type, which indicates that the decrease in the T m value of the double mutant His122Ala/Asp126Ala is mainly due to the mutation of His122 to Ala. To check the effect of mutation on the stability of the holo proteins, we performed similar heat-induced unfolding studies. The unfolding curves of the holo proteins were found to be similar to those of their apos, and the T m values were similarly evaluated (Fig. 6 C) . Interestingly, the T m value for the wild-type and all mutant holo proteins was found to be~71 C (Table 3) . Moreover, His122Ala and His122Ala/Asp126Ala mutants, which showed a lower T m value compared with the wildtype in the absence of the metal ions, exhibited a T m value similar to that of the wild-type in the presence of the metal ions. This suggests that the metal ions compensate the loss of stability in His122Ala and His122Ala/Asp126Ala mutants. These results also suggest that the residues His122 and Tyr125 did not have an impact on stability of the holo proteins. A comparison of the T m values of the apo and holo proteins reveals that the holo proteins are more stable than their apo counterparts, as reflected in the elevation of their T m values by~10 .
Conformational dynamics studies support the importance of Trp159 interactions with His122 and Tyr125 for positioning the motif
Time-resolved fluorescence anisotropy decay measurement has been found to be a very powerful tool for monitoring changes in the local conformation and dynamics of the proteins (29, 30) . Since, Trp159 is located in the middle of the insertion motif, the dynamics of its indole ring can provide insight into interactions with the side chains of surrounding residues, as well as into flexibility of the motif. Our steadystate fluorescence results suggest that His122 and Tyr125 are individually crucial for retaining the motif in a hydrophobic environment. To understand whether His122 and Tyr125 have roles in the dynamics of Trp159 and thus in positioning of the motif, we performed time-resolved fluorescence anisotropy decay kinetics on wild-type and mutant proteins in the absence and presence of the metal ions using tryptophan as a probe. Fig. 7 , A-C, shows fluorescence anisotropy decay profiles for wild-type and mutant proteins.
The decay curves of all the apo and holo proteins were fitted satisfactorily to a sum of two-exponential functions. This model assumes that the population of each protein has uniform fluorescence dynamics associated with two types of motion, the local motion of the Trp residue and the global tumbling motion of the entire protein molecule. Therefore, the two rotational correlation times extracted from the two-exponential fits of the fluorescence anisotropy decays are interpreted to be associated with the local motion of the tryptophan (the shorter rotational correlation time, f 1 ) and the global motion (the longer rotational correlation time, f 2 ) of the protein molecule. These values for all the proteins have been derived and are shown in Table 4 . The value of f 1 in the holo form of His122Ala and His122Ala/ Asp126Ala mutants (0.42 and 0.51 ns, respectively) was considerably lower than that of the wild-type (1.0 ns). Since the amplitude (b 1 ) associated with the shorter correlation time, f 1 , for wild-type holo is very small (8%), the precision in the estimation of f 1 is likely to be low. Therefore, the value of b 1 was compared, which would be reliable to interpret the local dynamics. A lower value of b 1 indicates a greater extent of conformational rigidity and vice versa. In the holo form, the value of b 1 in the single The T m was determined from the heat-induced denaturation studies of the apo and Co 2þ -proteins using CD measurements. The concentration of the protein was 2 mM for both apo and holo proteins. The normalized q MRW values at 222 nm were plotted against temperature and the T m was calculated by fitting the data to a two-state model.
(His122Ala and Tyr125Ala) as well as in the double mutants (His122Ala/Asp126Ala and Tyr125Ala/Asp126Ala), except for the Asp126Ala mutant, is significantly higher than that of the wild-type (32% and 24% vs. 8% (Table 4) ). These data suggest the following important conclusion. With the metal ions, the indole moiety of Trp159 in the wild-type protein is rigid, but it experiences a higher local dynamics in the absence of either His122 or Tyr125 (Fig. 7 D) . The tryptophan of the Asp126Ala mutant showed a marginal increase in the local dynamics compared with that of the wild-type in the presence of the metal ions, indicating that in the absence of Asp126, the side chain of Trp159 is still rigid, which is consistent with the results obtained in the steadystate fluorescence measurements. Thus, the increase in the 
Wild-type 0. (Fig. 7 D) ). All these results indicate that the indole ring of Trp159 is in close contact with the side chains of both His122 and Tyr125 and thus is crucial for positioning the motif. The limiting value of the longer rotational correlation time, f 2 > 20 ns for wild-type apo and holo proteins comes from the finite time window offered by the fluorescence lifetime of Trp. The value of f 2 for all the mutants was also found to be >20 ns. However, the exact value cannot be estimated.
Tertiary structural intactness through positioning of the motif is critical for catalytic function
Our data indicated that in wild-type holo protein, the interaction of both His122 and Tyr125 with Trp159 through their side chains is crucial for positioning the motif. The disruption of these interactions increased the flexibility of the motif, leading to alteration in the tertiary structure. To examine whether this change in tertiary structure has any impact on catalytic function, we performed steady-state kinetic assays of the wild-type and mutant proteins. In this experiment, the substrate was used in large excess over the enzyme so that multiple turnovers could be studied. As previously reported (24) , the data for the wild-type protein were fitted to a sigmoidal equation to evaluate the kinetic parameters K 0.5 (an apparent affinity of the substrate for the enzyme; for allosteric protein, K m is represented as K 0.5 ), k cat (the catalytic rate), and n (the degree of cooperativity). The apparent catalytic efficiency, k cat /K 0.5 , is shown in Fig. 8 A. Interestingly, both His122Ala and Tyr125Ala mutants showed negligible catalytic activity (~1% of the wild-type activity), when the assay was performed with 25 mM concentration of arginine (K m of the wild-type enzyme,~4 mM). Hence, the kinetic parameters for these mutants could not be evaluated. We also examined the catalytic activity of the double mutant His122Ala.Tyr125Ala. As expected, this mutant did not show detectable activity. The obvious question that now arises is, how do the mutants become catalytically non-functional? We previously reported that the insertion motif is critical for retaining a bimetallic center at the active site. An intact bimetallic center at the active site has been found to be absolutely essential for catalysis. To find out whether these mutants exhibit a bimetallic center, the metal-binding assays were performed 
, and the kinetic parameters were determined. The quality of the fit was evaluated by a theoretical line drawn through the experimental data points and the highest confidence limit. (B) Fluorescence change at 330 nm with increasing concentration of NOHA using an excitation wavelength of 295 nm. The data were fitted to the equation using a reported procedure (23) . Like the wild-type, the mutants are capable of binding two metal ions (Table 5 ), implying that the mutation of either His122 or Tyr125 to Ala did not disrupt the formation of a bimetallic center. As expected, the double mutant also retained the bimetallic center. Thus, these results suggest that the loss of catalytic activity of these mutants is due to a defect either in the substrate binding or in the catalysis. To distinguish between these two possibilities, we performed the substrate-binding experiments using N u -hydroxy-L-arginine (NOHA) as a known substrate analog of human arginase (it acts as a competitive inhibitor) (36) . This was carried out by measuring the tryptophan fluorescence with the analog. The fluorescence intensity was found to decrease with increasing concentrations of NOHA, implying that NOHA can interact with the mutants. Fig. 8 , B-D, shows a plot of the change in fluorescence with increasing concentrations of NOHA. These data were fitted to a binding equation to determine the dissociation constants (K d
some variations, these changes are unlikely to affect the activity measurements, since the assay was performed with a much higher concentration of the substrate. It may be noted that the fluorescence of the wild-type protein showed a red shift of~5 nm in the presence of NOHA (data not shown), indicating that NOHA binds to the wild-type protein. Since no appreciable change in the fluorescence intensity with NOHA was observed, its K d could not be estimated. The insignificant fluorescence intensity change for the wild-type protein upon binding with NOHA compared with the corresponding change for the mutants could be due to the change in tertiary structure between the wild-type and mutant proteins. These data clearly indicate that the above mutants are not defective in the substrate binding. Thus, the loss of catalytic activity is due to the defect in catalysis. All these results suggest that maintenance of proper tertiary structure through positioning of the motif is critical for catalysis (see the Discussion).
DISCUSSION
H. pylori arginase has several distinct features compared to the other homologs. The most unique feature is the presence of a 13-residue-long insertion motif in the middle of the protein sequence. Although the metal-coordinating and catalytic residues are conserved, the presence of this motif containing Trp159, and the residues His122 and Tyr125 together in arginase belonging to Helicobacter gastric pathogens, implies that they have specific roles, which could be important for structure and function. Our recent study on H. pylori arginase showed that the motif was not only critical for function but also important for structural stability. In this study, we used H. pylori arginase to show the role of His122 and Tyr125 in positioning the motif through their contacts with Trp159 and thus their significance for catalytic functions.
Our steady-state as well as high-resolution time-resolved fluorescence anisotropy measurements clearly suggest that Trp159-Asp126 hydrogen bonding certainly is not a key interaction for positioning the motif near the active site. The higher solvent exposure, as well as enhanced conformational flexibility, of Trp159 in Co 2þ -reconstituted His122Ala and Tyr125Ala mutant proteins indicates that the individual interactions of His122 and Tyr125 with Trp159 through their side chains are crucial for retaining the motif in a hydrophobic environment with conformational rigidity. This is supported by the His122Ala/Tyr125Ala mutant showing a further increase in both solvent exposure and conformational flexibility of Trp159 as compared with single mutants. On the other hand, in the apo form, Trp159 of all the mutant and wild-type proteins exhibited similar solvent exposure and conformational flexibility. These results indicate that in the wild-type apo protein, Trp159 is loosely associated with His122 and Tyr125. However, in the presence of the metal ions, the protein undergoes a conformational rearrangement where the indole ring of Trp159 interacts simultaneously with the side chains of His122 and Tyr125, presumably through aromatic-aromatic contacts, thereby establishing a network of aromatic interactions, which is crucial for tertiary structural intactness. Thus, we conclude that this aromatic network is vital for positioning the motif near the active site. These contacts have not been observed in the crystal structure of the H. pylori Mn 2þ -protein. Although His122 was found to be a part of the small turn, the protein segment containing residues 126-131 has not been assigned in the crystal structure. Moreover, Tyr125 is poorly assigned. These observations suggest that the above region containing the residues His122 and Tyr125 is flexible. In general, heat activation of arginases in the presence of metal ions is essential for higher catalytic activity. The preparation of the H. pylori Co 2þ -protein with heat activation at 50 C followed by room temperature showed higher catalytic activity than preparation without heat activation (10) . In our study, we performed measurements with the Co 2þ -proteins, which were prepared through a similar heat-activation procedure. However, in the crystal structure of H. pylori Mn 2þ -arginase, the holo protein was prepared without heat activation. To check whether heat activation of the holo protein can assist in positioning the motif, we prepared wild-type and mutant holo proteins without heat activation (at 25 C) and performed similar time-resolved fluorescence measurements. Interestingly, without heat activation, Trp159 of the wild-type holo protein showed conformational flexibility similar to that of its apo form ( Fig. S4; Table S2 ), indicating that the tryptophan of the wild-type holo protein can become conformationally rigid only upon heat activation. Moreover, the tryptophan of the holo protein without heat activation experiences a higher solvent accessibility (k q ) compared with that of heat-activated protein (Table S3 ). It appears that without heat activation, the insertion motif is not properly positioned and relatively solvent exposed. However, with heat activation and in the presence of the metal ions, the motif is properly positioned through the side chain interactions of Trp159 with His122 and Tyr125. Heat activation leads to partial opening up of the structure, but with lowering temperature, the protein undergoes a metalinduced conformational rearrangement in which the motif moves to a relatively hydrophobic environment. This may also lead to a different local conformation of the protein observed in our solution study compared to the reported crystal structure. One might ask, what is the physiological relevance of heat activation? In the cellular environment, the protein perhaps achieves a conformation similar to that with heat activation by the help of macromolecular crowding and/or with the assistance of chaperons, as these are known to be important for maintaining proper folding of proteins.
Although the individual interactions of His122 and Tyr125 with Trp159 are critical for positioning the motif, which residue might have a higher role? Our conformational dynamics studies suggest that His122 is slightly more important than Tyr125 for retaining higher conformational rigidity (b 1 values for His122Ala and Tyr125Ala are 31% and 26%, respectively). In proteins, Trp is involved in either m-m or m-cation interactions with a His, depending on its protonation (37, 38) . However, with a Tyr residue, it can be involved only in m-m stacking interactions. Thus, a higher role of His122 compared to Tyr125 in retaining the conformational rigidity of the motif may be due to a stronger m-m or m-cation interaction between the side chains of Trp159 and His122 compared with the m-m interaction between the side chains of Trp159 and Tyr125.
Despite significant role of the interaction of His122 and Tyr125 with Trp159 in maintaining tertiary structure of the holo protein, our data with CD measurements show that they do not have impact on both secondary structure and stability. This suggests that the enzyme has evolved with both His122 and Tyr125 primarily to maintain a proper tertiary structure through their side chain interactions with Trp159. However, both wild type and mutant holo proteins showed higher thermal stability compared to their apos without affecting secondary structure (~10 increase in the T m ), clearly indicating that the metal ions play a crucial role in providing stability to the holo proteins, which could be either due to the interaction of the metal ions with the residues at the active-site and/or metal-induced conformational rearrangement. This is similar to that observed for rat liver arginase (39) , where the bimetallic center is important for higher thermal stability. Fig. 6 D shows a bimetallic center of H. pylori arginase, in which one of the metal ions is buried in the interior, whereas the other one is relatively exposed (27) . However, the role of the contribution of individual metal ion for higher stability in this protein requires further investigations.
Our results presented here demonstrate that His122 and Tyr125 are individually critical for catalysis. How do they play a crucial role? The sequence analysis between H. pylori arginase and its homologs clearly reveals that the catalytic residues His141 and Asp128 of human arginase I (22, 40) are conserved in all other homologs, including the enzyme of Helicobacter gastric pathogens (the analogous residues in H. pylori arginase are His133 and Asp120). This rules out the possibility of direct involvement of His122 and Tyr125 in catalysis. It is also interesting to note that arginase of mammals, as well as arginase in the bacteria Bacilus substilis and Bacilus caldovelox, shows an Asn residue at the position of His122 of the H. pylori homolog. Among arginases, human arginase I has been extensively studied. The x-ray crystal structure of human arginase in complex with the reactive substrate analog, 2(S)-amino-6-boronohexanoic acid (ABH) showed that the a-carboxylate group of ABH makes a hydrogen bonding contact with the side-chain amino group of Asn130 (25) . This interaction was found to be important for recognition of the substrate, as the Asn130Asp mutation increased the K m bỹ 9-fold compared to its wild-type (41) . However, the role of the residue at the position of Tyr125 in the above homologs has not been elucidated. The observed tight binding of the single (His122Ala and Tyr125Ala) as well as the double mutants (His122Ala/Tyr125Ala) with the substrate suggests that neither His122 nor Tyr125 of the H. pylori enzyme is important for substrate recognition. This also suggests that these two residues have different roles compared to their analogous residues in other arginases. Since Trp159 is located near the active site (Fig. 2) , and its interaction with His122 and Tyr125 is found to be crucial for tertiary structural intactness, the change of tertiary structure in the above single and double mutants may lead to altered active-site conformation. H. pylori arginase shows a considerably lower sequence identity (maximum of~27%) with homologs of other Helicobacter gastric pathogens. The catalytic residues His141 and Asp128 of human arginase I are part of a helix and a loop, respectively, and they are properly positioned. However, in the H. pylori enzyme, the analogous residues are primarily a part of a loop only. The positioning of these catalytic residues seems to be maintained by the interaction of His122 and Tyr125 with Trp159, as these two residues are part of the same loop. It is possible that the change in conformation of the mutants hampers optimal positioning of the catalytic machinery so that the nucleophilic attack to the guanidine carbon of L-arginine and/or its subsequent steps could not take place for the hydrolytic reaction, as these chemical steps are in general known to be crucial for the hydrolysis of L-arginine. Three-dimensional structure determination of the Co 2þ -reconstituted proteins, along with molecular dynamics simulations, which are currently underway, may provide further insight.
As previously described, both the insertion motif containing the critical residues and residues His122 and Tyr125 were strictly conserved in arginase of Helicobacter human gastric pathogens. Interestingly, neither the motif nor these two residues are found in the homolog of Helicobacter non-gastric pathogens such as H. typhlonius and H. hepaticus (Fig. 2) , which are known to infect the intestines and liver, respectively (42) (43) (44) . Thus, the Helicobacter gastric pathogens perhaps evolved with arginase in a unique manner, containing both the insertion motif with Trp159 and residues His122 and Tyr125, where these three residues form a network of interactions that stabilizes the catalytically competent conformation. This might be important for facilitating disease pathogenesis, since arginase of H. pylori is found to be crucial for infection.
One can take a note that although time-resolved fluorescence anisotropy has been found to be a powerful tool for measuring the conformational dynamics of proteins, there are limitations to its use. One such limitation is the possibility that the conjugation or mutation of a residue with an external fluorescent probe could perturb local dynamics and function. Therefore, the results from this approach should be interpreted with caution, and they should be cross-validated. However, the presence of an intrinsic probe in this study has provided some advantages by which these limitations could be overcome.
In conclusion, this study describes two key residues, His122 and Tyr125 in H. pylori Co 2þ -arginase, whose interactions with Trp159 through their side chains are crucial for positioning the insertion motif near the active site, which leads to the formation of a proper tertiary structure. This network of interactions seems to be vital for the generation of a conformation that is catalytically competent for the hydrolytic reaction of L-arginine. Thus, these three aromatic residues may act as a non-catalytic triad, which is important for catalysis. Although, the metal coordinating and catalytic residues are conserved in arginases, our data indicate that the active-site architecture of the H. pylori enzyme is maintained differently by a set of these non-conserved residues. Although a bimetallic center at the active site is essential for the formation of a reactive water molecule for the hydrolytic reaction, our results show an additional role for the metal ions of providing higher stability to the holo protein. This might be physiologically important for retaining a proper folded conformation of the enzyme, which is essential for the growth and colonization of the bacterium in the gastric environment. Thus, the results of this study not only highlight the presence of a unique set of non-catalytic residues of arginase in Helicobacter gastric pathogens, but also illustrate its role in catalysis, thereby offering the possibility of targeting this site for the design of a specific inhibitor. 
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